Abstract An experimental campaign was undertaken to measure the pedestrian flow in the region close to the Kaaba during the Hajj pilgrimages of 2014 and 2015. High resolution video and photographs were used. The space was divided into areas of 10 m 2 . The pedestrians were counted, and the velocity measured from video clips. The results were surprising: the velocity in the very high density region increases, which implies also an increase of the flux. The flux in this region (with more than 8 p/m 2 ) reaches values that exceed 3.5 p/m/s, much higher than previously recorded under more 'standard conditions' in corridors and passages.
Introduction
A common experience of daily life is the slow-down of pedestrian and car traffic with higher density. It is therefore not surprising that ever since traffic was measured, this relation of velocity versus density was one of the key findings reported. The intrinsic assumption (or hope) was that there exists some form of general diagram or curve that relates density and velocity, and to this day this diagram has been given the name of 'fundamental diagram' or 'universal diagram'. The fundamental diagram has been the focus of research for several decades. [1, 3, 4, 6, 7, 9, 10] and many others (e.g. [2, 5, 8] ) have measured and compiled this type of data. While many data points exist for low densities, the very high end regime of densities above 6 p/m 2 is very sparse. This is not surprising, as it is difficult (and sometimes dangerous) to set up experiments or perform Figure 1 Floor plan of observation area field observations in this regime. Yet these high densities exist in many crowds, and represent critical elements for both design and operation.
The annual Hajj pilgrimage offers the opportunity to measure high density crowds. Therefore the decision was made to measure the pilgrim flow in the region close to the Kaaba during the annual Hajj pilgrimage. The findings contributed hard data to the regime of very high densities (above 6 p/m 2 ). At the same time these results were found to differ from often reported fundamental diagrams, questioning their 'universality' at high density. A preliminary conclusion is that the high density regions strongly depend on the type of motion, such as 'concerted', 'self-organized', 'intention-based', 'marching columns', etc.
Measurement Campaigns
Measurement campaigns were undertaken during the Hajj pilgrimages of 2014 and 2015. The pilgrims perform the so-called Tawaf by circumambulating the Kaaba at the center of the Sahn seven times. Some pilgrims will stop to touch the black stone at one of the corners of the Kaaba, and others will stop at the Kaaba and offer prayers and supplications while touching it.
High resolution cameras (Canon EOS 5D Mark III with 22 Megapixel resolution) were 
Measurements and Data Processing
In order to process the video images, the area of interest was subdivided into cells of 10 m 2 using AutoCad (Fig. 3) . Note that as it is impossible to always guarantee cells of uniform size when tesselating an arbitrary geometry, some cells are smaller that 10 m 2 . This deviation was taken into account when evaluating the results. By matching a highly accurate 3D model of the Al-Kaaba mosque generated at SLR for architectural and engineering purposes, and using GPS coordinates and survey data, the AutoCad lines were positioned at the head height of 1.5 m. These grids were then overlaid to the original photos, yielding the final photos used for evaluation (see Fig. 2 ).
A number of automatic counting procedures were tried. Additionally, several pictures were sent to research groups and companies considered experts in the field. None of these attempts yielded any useful results. The decision was then made to perform the counts manually at SLR.
For any particular instant in time and any particular cell, a pilgrim whose transit was approximately through the middle of the cell and who could be easily followed (either because of height, garment colour or any other feature that made it easy to observe) was chosen and followed. The frame numbers when entering and exiting the cell were recorded, and from this data the average velocity during the transit across the cell was computed. The total number of pilgrims in the cell were counted when this 'marker pilgrim' was in the center of the cell, and this value was used to compute the density. A typical case is shown in Fig. 4 . The potential measurements errors were bounded as follows: a) Velocity: The average velocity recorded is given by:
where the average length of a cell is approximately L = 3 m, and t T denotes the transit time. Given that trajectories that differed too much from the center of the cell were discarded, and the very accurate information provided by the CAD data together with the high resolution of the photos, the maximum relative error for L was estimated to be of ε L = 3.2% (Fig. 5 ).
The errors in the transit time amount, on average, to no more than one frame. The relative error in the transit time is given by:
where ∆t is the time duration of one frame and t T the transit time. The average and maximum relative errors in velocity are then given by:
The ratio of t T /∆t, which determines the error in transit time, depends on the average velocity and has been tabulated in Tab. 1 for both framerates used.
One can see that for the interesting regime of v av < 0.4 m/s the maximum relative error is below 8% even for the lower framerate, and below 6.0% for the higher framerate. The root-mean-square and average errors are, of course, much lower. b) Density: The (instantaneous) density is given by:
where N p is the number of pedestrians in the cell, and A the area of the cell. As before, we consider the errors in area size to be very small. On the other hand, counting pedes- Table 2 Percentage errors for density measurements trians in cells was not always an easy and straightforward matter: smaller pedestrians are sometimes hidden by taller ones, and pedestrians that move close to the border of a cell may or may not be counted as inside. For the first class of problems having video footage proved invaluable: pedestrians could be tracked over several seconds, minimizing the errors due to occlusion. Errors for the 'border pedestrians' were minimized by having two evaluators look at the same set of photos, and deciding whether to consider pedestrians in or out. The errors in density are given by:
where ∆N p is the error in counting pedestrians. Realistically, we can assume a counting error of one pedestrian per zone (∆N p = 1). The relative density errors have been tabulated in Tab. 2 as a function of density.
One can see that for the interesting regime of ρ > 4 p/m 2 the relative error is below 2.5%, and decreases even further with increasing density. c) Instantaneous vs. Average Density: The data recorded combined an instantaneous density (i.e. when the pedestrian was in the middle of the cell) with an average velocity (i.e. length of trajectory vs. time required). This could potentially lead to errors and inconsistencies if the variation of density is large during the passage of the pedestrian across the cell. In order to quantify this error, a number of cells were analyzed in depth, recording the variation in the number of pedestrians in the cell during the time of traversal. The results are summarized in Tab. 3. One can observe that, as expected, the relative error decreases with densities. At low densities, pedestrians can freely 'enter and exit' the cells, leading to higher relative errors, while at high densities this freedom is restricted and the variations are very small. d) Flux: The flux or intensity is given by f = ρ · v. This implies that the relative errors in flux are given by ε f ,r = ε 2 ρ,r + ε 2 v,r , where , r implies relative error. Note that in particular for the high density regime the errors in flux are mainly determined by the error in velocity and instantaneous vs average densities (both of which were bounded by ε v,r < 5%), implying that in this regime (ρ > 4 p/m 2 ) the relative error in fluxes is below ε f ,r < 5%.
A total of 1,054 measurements (338 for the Hajj of 2014, 716 for the Hajj of 2015) were taken in this way. This corresponded to a total of 42,256 individual high resolution time-lapsed photos at 3 fps and 6 fps as well as videos at 25 fps. Approximately 10 s of frame data were used per data point. These photos and videos were taken over the span of 3,900 s for the Hajj of 2014 and 9,700 s for the Hajj of 2015. The number of measurements per cell is shown in Fig. 6 .
One can see that certain zones, marked in grey, were not used for counting. There are several reasons for this. In the region close to the Maqqam Ibrahim, pilgrims stop to pray, so that this is not indicative of pedestrian flow. The same happens in the 3 zones at the
3 20.00 4 5.00 5 4.00 6 3.40 Table 3 Percentage errors of instantaneous vs average density bottom left that are adjacent to the Kaaba: pilgrims there stop or try to get to the black stone, so that again any measurement taken there would not be indicative of pedestrian flow. The zones at the top were not considered as the image distortion and observation angle and distance were deemed too large for accurate evaluations. The average and maximum values of density, velocity and flux were evaluated for the zones in which several countings were performed.
Results Obtained
The results obtained have been compiled according to zones, and are displayed in Fig. 7-10 . Finally, all the data recorded was cast in the 'fundamental diagram' format as shown in Fig. 13 , and compared to the curves published by [4] and [3] . Note that the velocity in the high density region does not vanish, leading to fluxes that exceed f = 3.5 p/m/s, much higher than previously reported. These results surprised the authors. Therefore, these areas were evaluated repeatedly and checked for errors. However, they held up to scrutiny, and are considered to be correct. Fig. 13 also provide the measurement times. Asr is the afternoon prayer time, Maghrib the sunset and Isha the evening prayer. We remark that the 2nd of October 2014 was the so-called 'Day of Arafat' -implying that the volume of pedestrians was very low in comparison to the other (so-called 'Eid') dates.
Discussion
The first impression, especially for observers living in western cultures, is the very high average density (ρ av = O(8) p/m 2 ), let alone maximum density (ρ max = O(8 − 10) p/m 2 ) observed at the upper right part of the Kaaba, where the semi-circle begins. Even more surprising were the velocities, which were of the order of v av = O(0.4) m/s) leading to (7) p/m 2 the fluxes that are almost twice as high as those reported in [4] . The monotonic increase in fluxes with density may also help to explain why in this region hardly any accidents have ever been reported. On the other hand, this casts serious doubts on the ability of 'mean' or 'average' curves such as those found in [4] to be used safely when designing for capacity in complex environments such as the ones measured.
Another surprising finding is the very high spread of data across the whole density regime. Previously, conventional wisdom expected a narrowing in the spread of velocities and fluxes in the high density regime. While a certain narrowing in the spread of velocities is observed at high densities, due to the multiplication with density no such narrowing could be observed for the fluxes. 
Conclusions
Motivated by the desire to understand the motion patterns observed in the heavily crowded Mekka Sahn area as a basis for future architectural design campaigns, an experimental campaign was undertaken during the Hajj pigrimages of 2014 and 2015 to measure pedestrian densities and velocities in the region close to the Kaaba. High resolution video and photographs were used. The space was divided into areas of 10 m 2 . The pedestrians were counted, and the velocity measured from video clips. A total of 1,057 individual measurements were taken on three days. In light of published standard 'fundamental diagrams', the results were surprising, showing an increase in velocity in the very high density region, implying in turn an increase of the flux. The flux values obtained in regions with densities higher than ρ = O(8) p/m 2 exceeded f = 3.2 p/m/s, far above any reported flux values to date.
The measurements also indicate that the average velocities and fluxes recorded in the regions with densities 1.0 ≤ ρ ≤ 4.0 p/m 2 can deviate as much as 50% from 'standard curves' reported in [4] . For the regions above ρ = O(7) p/m 2 the fluxes that are almost twice as high as those reported in [4] . One should add, though, that the data leading to the 'standard curves' obtained by Predtetschenski and Milinski [4] , was mainly for straight passages and also showed considerable spread.
This may cast doubt about the 'universality' of fundamental diagrams found in the literature, and, more importantly, about their indiscriminate application to design for and operation of heavily crowded events. While scientists may value universality and generality, the discrepancy with measurements taken in other venues and situations may indicate that fundamental diagrams depend strongly on the type of motion and on the nature of the event. Perhaps one should classify them according to motion types, such as 'concerted', 'self-organized', 'intention-based', 'marching columns', etc. Alternatively, classes of heavily crowded events should be charted and published, such as religious, sports, cultural, political, festival, etc.. Another important conclusion for planners and designers is that our knowledge of pedestrian motion is still far from complete, making case-to-case measurements such as the ones reported here an imperative ingredient of any architectural endeavour.
